The two main challenges facing retroviral transgenesis are variable expression and epigenetic silencing. Although modern lentiviral vectors incorporate several elements to increase transgene expression and reduce position effect variegation and silencing, therapeutic research in stem cells, as well as production of transgenic animals, is still hampered by these two key problems. On the basis of recent studies demonstrating the chromatin insulating properties of divergent promoters, we sought to develop a bidirectional lentiviral vector with which to conduct RNA interference (RNAi)-based genetic screens in embryonic and extraembryonic stem cells. To this end, we designed and tested a series of synthetic bidirectional promoters, combining the mouse phosphoglycerate kinase 1 (Pgk1) promoter with other strong mammalian and viral promoters. Here, we demonstrate that a back-to-back configuration of the mouse Pgk1 and human eukaryotic translation elongation factor 1 alpha 1 promoters provided a substantive increase in both transgene expression and RNAi-based transcript depletion as compared with previous designs and other promoter combinations. Using this vector, we were able to achieve stable and robust depletion of a transfected luciferase reporter, as well as an endogenous non-coding RNA. The described constructs are an improved transgene delivery system capable of conducting RNAi screens in stem cells at single copy.
INTRODUCTION
Stable delivery of transgenes into mammalian cells has provided an invaluable tool for basic research and is poised to change the face of medicine through targeted gene therapy. [1] [2] [3] [4] Because of their ability to stably transduce both dividing progenitor and non-dividing terminally differentiated cells, lentiviral vectors have proven an efficient means of gene delivery both in vitro and in vivo. [5] [6] [7] [8] As such, a diverse range of lentiviral tools have been developed for genetic modification of mammalian cells, animal models of disease, agricultural livestock and human patients. [9] [10] [11] However, despite widespread use of lentviralbased transgenics, significant challenges remain. [12] [13] [14] [15] [16] [17] Chief among these challenges is achieving consistent, high-level expression and overcoming transgene silencing. To this end, expression of multiple genes from a single expression cassette is a desirable characteristic, as it enables selectable agents or marker genes to be co-expressed, 2 permits manageable construct size and achieves constant production of desired gene products. Finally, multicistronic expression cassettes provide an opportunity to include a conditional cytotoxic gene, in cases where an adverse clinical event may occur.
In practice, use of separate multiple cistrons has proven ineffective at driving expression of tandem transgenes. [18] [19] [20] Differences in transcriptional activity from cell type-to-cell type, as well as promoter interference, often render one expression unit dominant over another. 18, 19, [21] [22] [23] [24] [25] [26] Strategies to express more than one transgene from a single promoter include use of viral internal ribosome entry sites (IRES), generation of hybrid fusion proteins, use of picoviral self-cleaving 2A peptides, and more recently, utilization of endogenous and synthetic bidirectional promoters. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] However, IRES sequences often result in cell-specific imbalances in expression levels, and fusion proteins or self-cleaving 2A peptides require additional transgene re-engineering that may affect protein stability or biological function. 30, 33, 35, 38 Bidirectional promoters are a common architectural feature of mammalian genomes, offering the opportunity to reliably express independent transgenes from a single transcriptional unit. 34, 36, [39] [40] [41] [42] Furthermore, divergent transcription has been hypothesized to confer chromatin-insulating properties. 27, 29, 36, 37 Within this context, however, promoter choice is critical to successful experimental outcomes, especially in stem cells where transgene silencing is frequently observed. 13, 37 Thus, to be feasible, these bidirectional promoters must possess strong transcriptional activity in a variety of cell types and resist epigenetic silencing commonly associated with stem cell biology and animal transgenics. 13, 36, 37, 43 Here, our goal was to develop a bidirectional lentiviral vector exhibiting strong transcriptional activity with which to conduct RNA interference (RNAi)-based genetic screens in embryonic stem (ES), trophectoderm stem (TS) and extraembryonic endoderm (XEN) stem cells. Short hairpin RNA (shRNA) screens to date have utilized both g-and lenti-class retroviral vectors to deliver RNAi-inducing transgenes. [43] [44] [45] [46] [47] [48] [49] [50] [51] Although robust RNA depletion was achieved using g-class retroviral constructs in numerous cancer cell lines, these vectors are epigenetically silenced in a broad range of mammalian cells, including both ES and XEN stem cells. 43, 45, 52 Similarly, lentiviral constructs have predominantly utilized the human cytomegalovirus (CMV) promoter, which exhibits strong activity in a wide range of mammalian cell lines, but has attenuated and often variegated transcriptional activity in numerous hematopoietic and ES cell types. 8, [53] [54] [55] [56] [57] Although high transgene expression levels may be achieved through repeated infections to increase viral integrant number, this strategy will be ineffective for pooled screening approaches. 43, 49 Thus, to conduct RNAi-based genetic screens within ES, TS and XEN stem cells, we needed to develop a vector system that provided powerful transgene expression at single copy number, and that was resistant to epigenetic variegation and silencing commonly observed within these cell types.
Taking advantage of the natural bidirectional activity of the phosphoglycerate kinase 1 (Pgk1) promoter, we designed and tested synthetic bidirectional expression cassettes containing a drug selectable marker, fluorescent protein and microRNA-based short hairpin RNA (shRNA mir ). 27, 48, 55 In comparison to other promoter/vector designs, the best bidirectional configuration contained the human eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) promoter coupled with the mouse Pgk1 promoter, as evidenced by both transgene expression and RNAi transcript depletion within the three founding lineages of the mouse preimplantation embryo. This work presents an improved vector delivery system that achieves stable transgene expression and outperforms previous promoter configurations.
RESULTS

Bidirectional expression cassette designs
Previous vector delivery systems have successfully utilized the minimal CMV or human EEF1A1 promoters in the forward orientation to generate both transgenic cells and animals using a number of genetic modification strategies. 54, 56, [58] [59] [60] Given the recently demonstrated ability of the Pgk1 promoter to enhance minimal CMV activity in a bidirectional configuration, as well as the hypothesized chromatin insulating properties of dual, divergently transcribed promoters, we postulated that this promoter architecture would increase CMV transcription and prevent variegation in ES and XEN cells. 27, 29, 36, 37 In addition, previous reports comparing promoter activity within ES and hematopoietic progenitor cells indicated that EEF1A1 was the strongest promoter tested. 8, 54 On the basis of these findings, we generated a series of synthetic bidirectional promoters utilizing the mouse Pgk1 promoter, combined with either the minimal CMV or human EEF1A1 promoter (Figure 1) .
The bidirectional design consisted of a Pgk1-driven puromycin (Puro) resistance gene in the negative orientation ''back-to-back'' with either the minimal CMV or EEF1A1 promoter driving green fluorescent protein (GFP) expression in the positive orientation (PCG(Bi) and PEG(Bi), respectively). Within the GFP 3¢ untranslated region (UTR), we cloned an shRNA mir targeting the firefly luciferase gene (shRNA mir -Luc) 48 (Figure 1 ), a configuration demonstrated to be extremely potent in producing RNA depletion. 55 Thus, bidirectional promoter activity of these constructs was measured by GFP Figure 1 Schematic representation of the lentiviral single, unidirectional and bidirectional promoter constructs tested. HIV FLAP mediates nuclear import of the construct, zeomycin (Zeo) is a second bacterial selectable marker, WRE represents the Woodchuck Regulatory Element, and EF1A is the human EEF1A1 promoter. Viral titers as measured on NIH 3T3 cells are presented to the right of schematics.
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MC Golding and MRW Mann fluorescence, Puro drug resistance and luciferase RNA depletion. For comparison, constructs containing Pgk1-Puro and the minimal CMVor EEF1A1-GFP in the same orientation (unidirectional) were tested, as well as constructs containing either minimal CMV-or EEF1A1-GFP alone for baseline comparisons ( Figure 1 ). As a positive control, cells were transduced with the previously published and validated g-class LTR-miRNA-Puro (LMP) and lentiviral CMV GFP-IRES-neomycin (CMV GIN) retroviral vectors, and as a negative control with bidirectional CMV and EEF1A1 lentiviral constructs expressing DSRed and a non-targeting shRNA mir cassette (PCRed(Bi) and PERed(Bi), respectively). 45, 55 The LMP vector consistently delivers stable and nearly complete mRNA depletion in a wide variety of human and mouse cell lines. 45 Given its wide utility, we made initial comparisons to the performance of this vector, as well as the base lentiviral construct, CMV GIN, upon which these constructs were built.
Recombinant lentiviral particles were generated for each vector and used to transduce NIH 3T3 and C57BL6 x Mus musculus castaneus (B6XCAST) F 1 ES and XEN stem cells. 43 Addition of serial dilutions of filtered virus to regular growth medium enabled transduction rates of 1-5% and the production of transgenic lines with a single viral integration event per cell. For independent colonies, viral integration number was verified using quantitative PCR and comparing measurements to Southern verified single and multiple copy standards, as described previously (data for bidirectional constructs are shown in Figures 2a and b) . 61 This is consistent with our previous study, where we utilized this dilution strategy to conduct RNAi-based screens in single copy; only 7 out of 425 colonies analyzed (42%) contained multiple shRNA sequences. 43 Overall, single promoter constructs produced higher titers than either bi-or unidirectional constructs, and CMV-containing constructs had slightly higher titers than EEF1A1 lentiviral constructs ( Figure 1 ). 
Bidirectional promoter activity as measured by puromycin resistance We first tested the ability of our constructs to drive transgene expression in the negative orientation by examining the capacity of constructs to generate Puro-resistant colonies. After transduction of cells in a 24-well format, the proportion of GFP-positive NIH 3T3 and ES cells were measured by cytometry and lines exhibiting similar counts were seeded (B1Â10 5 cells) into 15 cm plates. After 24 h, Puro was added to the growth medium (1 mg ml À1 final concentration) and 5 to 7 days later, the number of drug-resistant colonies counted (Figure 2c ). In NIH 3T3 cells, neither the bidirectional nor unidirectional CMV-containing constructs exhibited a statistically significant difference in colony number (P¼0.16). However, in ES cells, the bidirectional vector produced a significant increase in colony number as compared with the unidirectional CMV construct (Po0.01). Bidirectional EEF1A1-containing constructs produced significantly more colonies in both NIH 3T3 and ES cells (Po0.0001), with B4-to 5-fold increase in colonies derived from lines transduced with these constructs. Furthermore, studies utilizing bidirectional EEF1A1 constructs generated colonies with stronger drug resistance, up to 6 mg ml À1 of Puro for NIH 3T3 cells and 2 mg ml À1 for ES cells. These results are in agreement with Curtin et al., 19 demonstrating strong promoter interference within both CMV and EEF1A1 unidirectional multicistronic constructs.
Bidirectional promoter activity as measured by GFP fluorescence
To test the transcriptional strength of our various promoter configurations in the positive orientation, we conducted flow cytometry and measured mean GFP fluorescence. We observed that cells containing EEF1A1-GFP displayed greater, more uniform fluorescence than did CMV-containing constructs in both NIH 3T3 and ES cells (Figures 2d-f ). Similar to previous observations in HeLa cells, 27 a bidirectional architecture increased promoter activity in both ES and XEN stem cells (Figures 2e and g ). In ES cells, both the CMV-and EEF1A1-containing bidirectional configurations resulted in a B30-50% increase in promoter activity compared with single promoter and unidirectional controls (Figure 2e) . A similar, but less pronounced trend was observed in NIH 3T3 cells (Figure 2f) . In XEN cells, the bidirectional configuration increased EEF1A1 promoter activity by B25-30% compared with EEF1A1-GFP (Figure 2g ). During our comparisons of GFP fluorescence, we observed that CMV constructs containing a bidirectional configuration displayed fewer signs of GFP variegation compared with both CMV GIN and constructs containing the CMV promoter alone (Figures 2h-k) . However, although initially very intense, CMV promoter activity in XEN cells rapidly diminished within a very few days of infection (between passages 2 and 3, mean fluorescence dropped from 250 to 5) and was extinguished within four passages (Figure 2l ). Bidirectional EEF1A1 lentiviral constructs, however, maintained consistent GFP expression for the culture period tested (Figure 2l) . Thus, while a bidirectional architecture may enhance the epigenetic stability of CMV in ES cells, it did not offer the same stability in XEN cells. These observations further underscore the unique epigenetic identity of this stem cell type 43 and highlight the importance of empirical vector design and testing when working with primary stem cell cultures.
Bidirectional promoter activity as measured by shRNA-mediated luciferase RNA depletion To test the ability of our constructs to produce stable RNAi-based transcript depletion, shRNA mir -Luc expressing cell lines were transfected with plasmids expressing the targeted firefly luciferase gene, as well as a non-targeted renilla luciferase as a means of normalization. Initial experiments using SV40-firefly luciferase and CMV-renilla luciferase were unsuccessful due to highly variable transcriptional activity of these promoters within ES and XEN cells when co-transfected (data not shown). To overcome this variability, in both commercial vectors, the SV40 and CMV promoters were 
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substituted with the mouse Pgk1 promoter, resulting in robust, highly reproducible luciferase expression levels, even compared with the more established plasmid-based mammalian promoters used in the original commercial vectors (Figure 3a) . Reporter constructs were transfected into drug-selected NIH 3T3, ES and XEN cells and luciferase activity was measured 48 h post-transfection.
In somatic NIH 3T3 cells, the g-retroviral vector LMP and bidirectional CMV construct PCG(Bi) produced the strongest (60%) reduction in firefly luciferase activity as compared with all other constructs (Figure 3b) . Bidirectional configurations did not produce a statistically significant increase in RNA depletion over their unidirectional counterparts, but did produce a 40% increase over CMV GIN and EF1A GIN (P40.0001) vectors expressing an shRNA mir after an IRES (Figure 3b) . Surprisingly, despite lower overall levels of GFP fluorescence, the bidirectional vector containing the CMV promoter produced the strongest RNA depletion compared with EEF1A1-driven transgenes (Po0.01).
In ES cells, the g-retroviral vector LMP and bidirectional construct containing EEF1A1 produced the strongest RNA depletion with a 60% reduction in luciferase activity (Figure 3c ). Although readily observable RNA depletion was induced by all CMV-containing vectors and the EEF1A1 unidirectional vectors, they did not reach depletion levels obtained by the LMP and PEG(Bi) constructs (Po0.01). However, along with a well-characterized drop in GFP fluorescence, 43, 52, 62, 63 after 3 weeks of culture, the g-retroviral vector LMP lost the ability to deplete luciferase RNA, whereas the bidirectional EEF1A1-containing vector remained constant in its ability to deplete transfected reporters (data not shown).
In XEN cells, the bidirectional EEF1A1-containing vector was 50% more effective than LMP in inducing RNAi depletion, likely due to the rapid epigenetic extinction of g-class retroviral elements within this cell type (Figure 3d ). 43 As stated above, no CMV-driven transgenes could be tested due to the rapid silencing of this promoter. Taken together, these results suggest that within a somatic context, the g-class retroviral and the minimal CMV-driven lentiviral constructs work best, whereas in the unique transcriptional milieu of embryonic and XEN stem cells, a bidirectional vector architecture containing the PGK1 and EEF1A1 promoters resulted in the most consistent transgene expression and RNAi-based transcript depletion.
Additional bidirectional promoter designs
To ensure maximal effectiveness of our designed constructs, we next chose to expand the list of established promoters tested within this bidirectional archetype. Promoters included the composite chicken b-actin (CAG), consisting of the CMV-immediate early enhancer and the chicken b-actin promoter and the human ubiquitin C (UBC) promoter, as they have been previously utilized for lentiviral transgenesis, 5, 53, 54, 64 and the full-length CMV promoter and enhancer (CMVE) because of its powerful ability to drive transcription in many cell types. 60 We also chose to investigate the g-class mouse stem cell viral long terminal repeat (MSCV LTR) to determine whether epigenetic silencing would occur within the context of a lentiviral backbone as it does when delivered as a g-retroviral vector to both ES and XEN cells. 43, 52, 63 To this end, the composite CAG and UBC promoters, CMVE and MSCV LTR were cloned into our bidirectional vector, immediately upstream of GFP (Figure 4 ).
These newly built constructs, along with the previous EEF1A1-containing bidirectional vector, were used to produce recombinant lentiviral particles that were delivered into NIH 3T3 and B6XCAST F 1 ES and XEN cells. For these experiments, the g-retroviral vector LMP was included as a positive control, and a bidirectional lentiviral vector containing EEF1A1-driven DS-Red and a non-targeting shRNA mir cassette, PERed(bi), served as a negative control. Viral titers of the MSCV LTR and UBC-containing lentiviral vectors were equivalent to those tested in the previous analysis. However, incorporation of CMVE and CAG promoters caused a 2-to 5-fold reduction in titer Figure 4) . We suspect that lower titers were the result of larger construct size rather than any inhibitory property of the individual promoters themselves.
In contrast to the other mammalian and viral promoters tested, the human UBC promoter performed much worse in a bidirectional configuration, PUG(Bi), compared with UBC GFP alone (Figure 5a ). NIH 3T3 cells transduced with this construct displayed barely observable fluorescence. We postulate that close proximity of these two promoters interfered with their transcription, reducing their cumulative output. No further testing was performed with the UBC promoter.
Within somatic NIH 3T3 cells, expression of GFP was strongest from bidirectional constructs containing the MSCV LTR (PMSCV(Bi)), and EEF1A1 promoter (PEG(Bi)) (Figure 5b ). In contrast, although able to produce stronger fluorescence than CMV GIN alone, PCAG(Bi) and PCEG(Bi) were less potent in their ability to drive GFP expression (Figure 5b) . Strangely, when we examined the capacity of these constructs to deplete luciferase activity, none of the promoter modifications matched the g-retroviral LMP vector (Po0.01) (Figure 5c ). In ES cells, CMVE, CAG or MSCV LTR promoters could not match either the GFP fluorescence or RNAi depletion of the bidirectional EEF1A1 vector (Po0.0001) (Figures 5d-e) . In XEN cells, both the CAG and CMV promoters were extremely weak and were rapidly extinguished. At the outset of these experiments, we questioned whether the MSCV LTR within a lentiviral backbone could ameliorate transcriptional activity and viral epigenetic silencing. However, when delivered into XEN cells, the MSCV LTR construct possessed extremely weak fluorescence, indicating that the lentiviral vector did not protect against silencing (Figure 5f ). As with ES cells, the only vector design to provide strong GFP expression and substantial RNAi transcript depletion in XEN cells was the bidirectional PEG(bi) vector. 
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Lentiviral transduction of trophectoderm stem cells
In contrast to experiments involving ES and XEN cells, TS cells proved highly resistant to retroviral transduction. This was surprising, given the relatively straightforward methods used to transduce mouse trophectoderm using sub-zonal injection of lentiviral particles. 65, 66 To increase viral titer, preparations of recombinant lentiviral particles were concentrated using poly-l-lysine precipitation and centrifugation. 67 Despite nearly 100% transduction efficiencies of underlying feeder layers, only 5% of TS cells exhibited GFP fluorescence using the g-retroviral construct LMP and less than 1% using the bidirectional lentiviral vectors. Of those transduced, GFP-positive TS cell colonies were picked, plated in 48-well culture dishes and drugselected. We acknowledge that unlike the experiments presented for ES and XEN cells, selection of GFP positive colonies is not completely unbiased, as strongly expressing colonies will be preferentially picked.
Having said this, every effort was made to pick representative colonies from each group, and similar to results obtained for ES and XEN cells, the bidirectional EEF1A1-containing lentiviral construct, PEG(bi), produced the greatest GFP fluorescence (Figures 6a-c) . Interestingly, when TS cell cultures containing the PEG(bi) bidirectional vector grew to confluence, GFP expression was strongest at the leading edge of colony growth and nearly absent at the center of the colony (Figures 6a  and b) . When cells were sub-passaged, GFP fluorescence reappeared and was maintained in 100% of cells, indicating that absence of GFP in the colony's center was likely due to metabolic downregulation of EEF1A1 promoter activity in non-dividing cells and not necessarily an epigenetic silencing phenomenon. After repeated failed attempts to transfect transgenic TS cells with our luciferase reporters, we opted to measure RNAi depletion of an endogenous gene of interest. The non-coding RNA Kcnq1ot1 is a key factor, regulating imprinting within the Kcnq1 domain. [68] [69] [70] [71] To examine RNA depletion, an shRNA mir targeting Kcnq1ot1 was cloned into the g-retroviral vector LMP and the EEF1A1 bidirectional construct, PEG(bi). Recombinant, concentrated virus was produced and used to transduce TS cell cultures. To maintain EEF1A1 promoter activity, TS cells were split every 3 days to avoid culture confluence. Similar to results from ES and XEN cell cultures, bidirectional, EEF1A1-containing constructs delivered the strongest non-coding RNA depletion as measured by real-time quantitative reverse transcription PCR (RT-PCR) analysis (Figure 6d) .
DISCUSSION
Within the unique transcriptional milieu of ES, TS and XEN cells, a synthetic bidirectional promoter architecture, utilizing both the mouse Pgk1 and human EEF1A1 promoters, was able to outperform previously designed vector configurations, as well as additional vector configurations generated in this study. Results presented here clearly indicate that within stem cells, a bidirectional configuration provides a substantive increase in both transgene expression and RNAi-based transcript depletion. Moreover, stable drug resistance, strong GFP expression and potent RNAi-based transcript depletion in ES, TS and XEN cells met the criteria for our vector construction.
The main impediment to successful retroviral transgenesis has long been achieving consistent, high-level expression while overcoming epigenetic silencing of integrated transgenes, which occurs in a viral class-and cell line-dependent manner. 14, 63 Recent studies of ubiquitous chromatin opening elements, such as the one located within the HNRPA2B1-CBX3 locus, have demonstrated the ability to drive transcription even when located within classically silent regions of heterochromatin, such as centromeres. 29, 36, 72 The HNRPA2B1-CBX3 Enhanced lentiviral transgenesis in stem cells MC Golding and MRW Mann ubiquitous chromatin opening elements has also been shown to protect both viral LTRs and EEF1A1 promoter-containing transgenes from DNA methylation within the P19 embryonic carcinoma line. 37 The importance to this study is that these elements are structurally composed of closely spaced, divergently-transcribed housekeeping promoters and seemingly induce extended regions of active chromatin. 29, 36, 37, 72 Our results demonstrate that divergent transcription from a synthetic bidirectional promoter provided stronger, more uniform GFP fluorescence and less transgene variegation than other promoter combinations tested. Together, these results support the idea that divergent transcription, in and of itself may confer chromatin insulating or other structural properties that promote an active chromatin conformation.
Another interesting finding from our study was that RNAi depletion did not directly correlate with GFP intensity even though the miRNA-based shRNA was embedded within the GFP 3¢UTR. Previous shRNA mir designs demonstrated that inclusion of spacer sequence between the upstream promoter and the miRNA cassette greatly increased RNAi-based transcript depletion. 4, 45, 55 This increase cannot simply be a factor of distance, as CMV GIN possessed the greater distance between transcriptional start site and shRNA mir cassette, whereas the bidirectional CMV design produced more substantive RNA depletion. Within bicistronic expression systems, IRES sequences have well-characterized inhibitory effects on protein production. How this would extend to processing a downstream miRNA is not clear. 27, 31, 33, 35 Moreover, different promoters driving the identical GFP-shRNA mir cassette produced different depletion levels. Within NIH 3T3 cells, CMV-driven shRNA mir RNA depletion was stronger than EEF1A1-containing constructs, despite a 20-50% increase in EEF1A1-driven GFP expression. Thus, it is tempting to speculate that in a somatic cell context, transcripts originating from viral promoters may be more efficiently processed between protein translation and miRNA production than mammalian promoters. However, given that the only viral element within this expression cassette was the promoter, the specific elements potentially conferring this hypothesized property are unknown.
RNAi has now been exploited in nearly every model system and has proven to be an efficient and cost-effective alternative to targeted genetic manipulation. 73 Recognizing the potential of this technology, libraries of both chemically synthesized short interfering RNAs and vector-based shRNAs offering coverage of the protein-coding compliment of the human genome have been constructed. Using these powerful reagents, RNAi-based loss-of-function genetic screens now hold the key to deciphering biochemical interactions between proteincoding genes and biological pathways controlling growth, differentiation and disease. Given the successful depletion of an non-coding RNA here and elsewhere, 74, 75 the next advancement will likely be generation of RNAi libraries targeting the non-coding portion of the genome. For these genetic screens to be successful, transgenes must be capable of delivering potent RNAi transcript depletion in single copy. The unique transcriptional environments that characterize stem cells make promoter choice a crucial factor in experimental design. Our goal was to improve upon an existing RNAi delivery system, such that the shRNA mir at single copy could induce potent RNA depletion in stem cells from the early embryo. Within ES and XEN stem cells, stable, robust expression from the bidirectional vector described in this work was able to induce RNA depletion at single copy, sufficient to conduct loss-of-function genetic screens. 43 This tool represents a significant improvement upon existing vector designs and will likely aid in deciphering diverse aspects of mammalian stem cell biology.
MATERIALS AND METHODS
Detailed methods describing production of recombinant virus, infection and passage of cells, cytometry, RNA isolation and qRT-PCR have been described elsewhere. 43 Primers used in the analysis of Kcnq1ot1 were 3K forward 5¢-ATTG GGAACTTGGGGTGGAAGC-3¢ and reverse 5¢-GGCACACGGTATGAGAAAA GATTG-3¢. Vector copy number was determined as described 61 and utilized-GFP RealTime forward 5¢-GTGACCACCCTGACCTACGG-3¢ and reverse 5-¢GAT GTTGTGGCGGATCTTGA-3¢, and HoxA6 promoter forward 5¢-GGGCTGT TTGTAACTTTGCTGC-3¢ and reverse 5¢-CATCTGGCTATAACTATTAGTAGTC ATCG-3¢ primers.
Vector construction
The backbone for the construct described herein originated as plasmid Fug-W described by Lois et al., 5 was modified by Rubinson et al. 76 (pLL3.7), Ventura et al. 56 (pSICO), and Stegmeier et al. 55 (CMV GIN), before being modified using the following procedures. The Puro resistance gene driven by the mouse Pgk1 promoter were amplified by PCR from MSCV Puro (Clontech, Mountain View, CA, USA) using primers containing a NheI site in the 5¢ primer and an XbaI site in the 3¢ primer. The lentiviral vector CMV GIN was cleaved by XbaI and NheI, and the amplified Pgk1-driven resistance gene was cloned in using these restriction sites. Coding sequences for the GFP and DS-Red fluorescent proteins were amplified using primers with an NheI site, followed by a BamHI cut site in the 5¢ primer and a NotI site in the 3¢ primer. The modified lentiviral vector containing Pgk1-Puro was cut with Nhe1 and Not1, and the sequences for GFP and DS-Red were cloned in the opposite orientation to the Pgk1-driven resistance gene. These vectors served as recipients for the different mammalian promoters to be tested.
Subsequently the EEF1A1 and minimal CMV promoters were amplified using primers containing an NheI site in the 5¢ primer and a BamHI site in the 3¢ primer. The modified vector was cut and the promoters cloned into the vector to drive expression of either GFP or DS-Red. Because of an internal NheI site within the MSCV LTR, the sequence was amplified using primers with a BglII site in the 5¢ primer and a BamHI site in the 3¢ primer. The modified lentiviral sequence was linearized with BamHI, treated with calf intestinal alkaline phosphatase and the MSCV LTR cloned therein. The human CMVE was cut from pCDNA3.1 (Invitrogen, Carlsbad, CA, USA) using BglII and BamHI, and cloned into the BamHI site of the modified lentivirus. The CMV immediate early enhancer-CAG promoter was cut from pCAGGS, 76 using SpeI and BglII, and cloned into the modified lentivirus previously cut with NheI and BamHI. The human UBC promoter and GFP coding sequence were cut from Fug-W with XbaI and NotI, then cloned into the NheI and NotI sites of the modified vector. The resulting lentiviral vectors contained either GFP or DS-Red driven by the CAG, CMV, CMVE, EEF1A1, MSCV LTR or UBC promoters, in addition to either Pgk1-driven neomycin or Puro resistance genes in the opposite orientation.
Luciferase assays
To test differing efficiencies of RNAi-based gene depletion by the various vector designs, a shRNA mir targeting the coding sequence of the firefly luciferase gene (Luc 1309 (ref. 48) ) was sub-cloned from LMP luciferase 1309 into each of the different vectors described above, using the XhoI and MluI restriction sites. For a negative control, shRNA mir s containing a non-targeting sequence spacer were used.
To test the capacity of the different promoters to drive shRNA mir production in ES, TS and XEN cells, it was necessary to first build a luciferase expression system that was not driven by the SV40 and CMV viral promoters. The mouse Pgk1 promoter was cut from MSCV Puro using BglII and Hind III. The SV40 and CMV promoters were excised from the luciferase expression vectors pGL3 and pRL-CMV (Promega, Madison, WI, USA) and the Pgk1 promoter cloned in to generate pPGK-FF and pPGK-Ren, respectively. Transgenic cells were transfected using a 9:1 ratio of pPGK-FF to pPGK-Ren using Lipofectamine 2000 (Invitrogen), according to manufacture's recommendations.
Statistical analysis
For drug-resistant colony numbers, GFP fluorescence, and qRT-PCR, comparisons between groups were made using the Student's t-test. For shRNA Enhanced lentiviral transgenesis in stem cellsdepletion, analysis of variance (ANOVA) was performed to determine significant differences between shRNA expression constructs. P-values were generated from four measurements between at least three independent replicates.
